The quality of the interface region in a semiconductor device and the density of interface states (DOS) play important roles and become critical for the quality of the whole device containing ultrathin oxide films. In the present study the metal-oxide-semiconductor (MOS) structures with ultrathin SiO 2 layer were prepared on Si(100) substrates by using a low temperature nitric acid oxidation of silicon (NAOS) method. Carrier confinement in the structure produces the space quantization effect important for localization of carriers in the structure and determination of the capacitance. We determined the DOS by using the theoretical capacitance of the MOS structure computed by the quantum mechanical approach. The development of the density of SiO 2 /Si interface states was analyzed by theoretical modeling of the C-V curves, based on the superposition of theoretical capacitance without interface states and additional capacitance corresponding to the charges trapped by the interface states. The development of the DOS distribution with the passivation procedures can be determined by this method. 
Introduction
MOS structure is very important in the study of semiconductor devices. The reliability and stability of semicon- * presented at the 7th International Conference on Solid State Surfaces and Interfaces, November 22-25, 2010, Smolenice, Slovakia † E-mail: jurecka@lm.uniza.sk ductor devices are strongly related to their surface conditions. An understanding of the surface physics is therefore of great importance to the device operation. The quality of the interface region in a semiconductor device and the density of interface states (DOS) play important roles and become critical for the quality of the whole device containing thin oxide films. In our laboratory we studied morphological, optical and electrical properties of semiconductor/dielectric systems and MOS structures [1, 2] . In the present study MOS structures with ultrathin SiO 2 layer were prepared on n-type silicon substrates by using low temperature nitric acid oxidation of silicon (NAOS) method. SiO 2 structures with ultrathin NAOS layer have very good structural and electrical properties [3] [4] [5] [6] [7] . Carriers in structures with ultrathin layer are confined by the barrier between the semiconductor-oxide interface on one side and the bandbending of the conduction band on the other side. This confinement produces the space quantization effect important for the space localization and determination of number of carriers in the structure. In our work we determined the DOS by using the theoretical capacitance of NAOS MOS structures computed by the classical and quantum approach. The development of the density of SiO 2 /Si interface states was analyzed by modeling of the C-V curves, based on the superposition of theoretical capacitance without interface states and additional capacitance corresponding to the charges trapped by the interface states [8, 9] .
Description of the charge distribution in MOS structures with ultrathin NAOS oxide
In the MOS structures with ultrathin oxide layer the quantum effects are expected to dominate the operation of the device. In the semi-classical description, the density of states above the conduction band of semiconductor is assumed to be continuous. Using this assumption the classical description of the electron concentration is then derived. The band bending near the semiconductor-oxide interface can form a quantum well, which introduces energy quantization of charges in the direction of confinement. As the potential well becomes narrower for thinner oxide layers, the difference between the energy levels increases and the motion of charge in a direction normal to the interface gets confined. The space quantization of charge distribution is an important effect in nano-scale MOS structures. The classical charge distribution shows a peak at the semiconductor-oxide interface and the quantum mechanical distribution shows a peak inside the semiconductor volume. A larger average carrier distance from the interface has the effect of increasing the effective oxide thickness. The quantum mechanical model therefore provides a lower MOS capacitance. Due to the comparable values of ultrathin oxide and the inversion layer capacitances, the total gate capacitance of the nanometer device is smaller than the oxide capacitance. For a given gate voltage the amount of inversion charge in semiconductor volume will be smaller than predicted by the classical model. This is very important as the oxide thickness becomes smaller. The description of the quantum effects on the MOS structure properties requires solution of the onedimensional Schrödinger's and Poisson's equations, which have to be solved self-consistently.
Solution of Schrödinger-Poisson equation
For a given energy in silicon conduction band, the allowed electron wavevectors trace out a surface in k-space. These constant energy surfaces create six equivalent ellipsoids of revolution, whose major and minor axes are inversely proportional to the effective masses. A collection of such ellipsoids for different energies is referred to as a valley, see is perpendicular to the surface. The states described by the Schrödinger equation have to be solved once for the longitudinal effective mass and again for the transverse effective mass. For each effective mass, a set of subbands will be obtained. Subbands corresponding to the longitudinal effective mass (called unprimed subbands) have degeneracy 2 and subbands corresponding to the transverse effective mass (primed subbands) have degeneracy 4. The unprimed set has a larger effective mass and corresponding energies are relatively smaller than the primed set. At room temperature the lowest 3 or 4 unprimed and lowest 2-3 primed subbands are occupied. Other subbands have neligible population. The description of the above mentioned charge states in a MOS structure is based on a solution of 1D Poisson equation
and Schrödinger equation
Electrostatic potential is = −V H ( )/ , ε ( ) is the dielectric function, N D N A are ionized donor and acceptor concentrations, ( ) ( ) are electron and hole densities, ⊥ is the effective mass normal to the interface of the i-th valley. V is the effective potential energy, the sum of Hartree, image and exchange-correlation correction to the ground state energy of the system V = V H + V + V . The Hartree term represents the solution of the Poisson equation. The image term accounts for the different dielectric constants of the semiconductor and the oxide. The exchange energy is the contribution to the electron gas energy that arises from the correlation between two electrons whose positions are exchanged. In the local density approximation the V term is given by the equation [11] .
where α = (4/9π)
where N is the sheet electron concentration in the i-th subband from the j-th valley. Exchange and correlation effects tend to lower the total energy of the system and lead to shift of the energy levels and changes in population of subbands. The exchange-correlation affects mainly the ground subband of occupied valley and therefore an increase in the energy of the inter-subband transitions can be observed. Similarly, the valence band is represented by the heavy hole band and light hole band. Due to the different perpendicular masses, the heavy holes form the first set of energy levels, and the light holes form the second set (with higher confined energies). Algorithm of self-consistent solution of Schrödinger and Poisson equations is illustrated in Fig. 2 states is not solved in this scheme. It is solved later from the MOS structure capacitance model by accounting for the contribution of corresponding interface states. For the purposes of the MOS structure definition and the conditions of computer simulation, we constructed graphical user interface in the Java environment, which is useful for the estimation of the sample treatment operations influence onto the development of charge states and the capacitance of studied structure.
Determination of density of interface states
The capacitance of the MOS structure is influenced by a) the oxide charges (ionic impurities, electrons and holes trapped in the oxide, fixed structural defects), b) the interface trapped charge (oxidation induced structural defects, metal impurities, bond breaking processes generated defects), c) the work function (metal electrode), d) carrier transport in oxide layer and e) the QM space quantization effects. The interface-trap charges lead to non-rigid change of the C-V curve and most of the interface-trapped charges can be neutralized by the passivation procedure. Density of interface states is determined by equation
Charge capture/emission processes connected with the interface states can be modelled by the equivalent effective capacitance associated with the interface states
where Q is total charge at the effective interface state, Φ is a surface potential, is the unit charge and D is the interface state density. We compute the D by superposition of several distributions
Distribution D describes the uniform distribution of interface states across the band gap of semiconductor
where D is constant. Distribution D exp describes an exponential change of interface state density as the energy level becomes shallower to the band edge
D is the density of interface states at the midgap, α is constant, E and E are energy level and intrinsic Fermi level, respectively. Distributions D G are used for the description of interface states localized in its energy levels. The Gaussian distribution used in this work is
Here, D 0 is the maximum energy of localized interface state, E 0 is the central energy of localized state, and σ is the standard deviation. We use superposition of several Gaussian distributions localized in different central energies E 0 with different maxima D G0 and standard deviations σ . The capture/emission times of interface states affects the frequency response of the capacitance. The effective equivalent capacitance and interface state density determined experimentally change with the energy level and frequency. We measured capacitance of MOS structure at various frequencies and we fitted experimental capacitances by theoretical models of capacitance curves with the interface states.
Experiment and discussion
We investigated the series of MOS structures prepared on n-type Si(100) wafer. Substrates were cleaned by the standard RCA process followed by etching with 5 wt.% HF acid. MOS structures with 3 nm oxide layer were treated by the post oxidation annealing procedure (POA) at 800
• C, N 2 (100%) atmosphere for 20 min and by post substrate POA PMA a n -Si no no b n -Si yes no c n -Si no yes d n -Si yes yes metallization annealing (PMA) at 250 • C, H 2 (5%) in N 2 atmosphere for 1 hour. MOS structure was prepared with Al electrode. The samples are labelled in Table 1 .
As the thickness of oxide layer approaches nanometer scale the classical movement of the charge carriers is greatly affected by the quantum effects. A very high electric field at the Si/SiO 2 interface causes a steep change of the potential at the interface and results in the creation of the potential well between the oxide field and the silicon potential. Electrons are confined in this well and their energies are quantized. In investigations of the electrical properties of Si/SiO 2 interface the capacitancevoltage (C-V) measurements are widely used. C-V curves are sensitive to changes in the charge distribution in the structure and to the interface state density. To estimate the influence of the quantum effects on the charge distribution in the NAOS MOS structure we calculated the wavefunctions in the potential well formed in the structure for a defined set of oxide layer thicknesses. The shape of the potential well for the oxide thickness 1.5, 3, 6, 12 and 24 nm is shown in Fig. 4 .
Extreme changes of the potential well for ultrathin oxide pronounces quantum effects. The depth z dependence of wavefunctions in silicon substrate are shown in Fig. 5 . The shape of wavefunction is modified by the oxide layer thickness and strongly influences the space localization of charges. With increasing oxide layer thickness the maximum of wavefunction shifts deeper into the bulk of semiconductor. Corresponding subband energies and occupancy of quantum states are in Fig. 6 .
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With increasing applied voltage V α the potential well become stiffer, separation of subbands is higher, lover energy levels near the SiO 2 /Si interface are occupied and charge distribution shifts from the interface into the bulk of semiconductor. The space localization of charges in the MOS structure was determined from corresponding wavefunctions. The development of average distance of space charge in bulk of silicon is in Fig. 7 For ultrathin oxide layer the charge is localized near the interface in semiconductor volume and the average distance from the interface increases with the oxide layer thickness. The value of metal work function in previous calculations (Fig. 4 -Fig. 7 ) was 4.05 eV. The concept of the metal work function and the Fermi level in the energy band diagram of the MOS structure can be found in [9, 10] . Experimental capacitance of Al/SiO 2 /Si structure was measured by Agilent 4284A Precision LCR Meter at frequencies 1 kHz, 10 kHz, 100 kHz, 1000 kHz. Details of Experimental C-V curves show contributions of DOS distributions in the depletion region. The shape of the DOS distribution is sensitive to the sample treatment (POA, PMA) and frequency. Frequency shift of DOS distributions corresponds to variable time response of the interface traps. Amplitude and width of the DOS distribution reflects the influence of the passivation treatment on the oxide layer and the SiO 2 /Si interface properties. We observe systematic decreasing of the MOS capacitance after the PMA treatment with, as well as without, the POA. Capacitance changes are pronounced under lower experimental frequencies. Theoretical model of MOS capacitance with interface states C is computed by using an equivalent circuit shown in Fig. 3 and equations Eq. (4) -Eq. (9) . The capacitance of charge structure in the substrate without contribution of interface states C is taken from the quantum solution of the charge space distribution. Theoretical capacitance model C is compared to the experimental C-V curve and the density of interface states in MOS structure is extracted from the Gaussian equivalent capacitance component, connected with the interface states (see Eq. (5) and Eq. (9)). Construction of theoretical capacitance model C and experimental MOS capacitance C for 10 kHz frequency are shown in Fig. 9 . One Gaussian distribution C is used for the description of localized states in this case. C is exponential distribution and C is uniform distribution model. All distributions C , C and C are individually shaped in computer graphical user interface based on visual interactive modification of theoretical model variables. Good agreement between theoretical capacitance model (red dots) and the experimental capacitance (gray line) can be observed.
Theoretical capacitance models for all samples were determined by this method and the densities of interface states distributions in silicon energy gap were then determined from theoretical C-V curves with interface states. The results are shown in Fig. 10 .
After applying the POA annealing, the DOS distribution of interface states become narrower and the passivation effect onto the interface states is much stronger. The distribution of interface states obtained from the C-V experiment is in agreement with results of the x-ray photoelectron spectroscopy under bias method, developed in the Kobayashi Laboratories in Osaka University, Japan [12] .
Conclusions
Quantum effects -energy quantization and space shift of charge distribution affect the charge properties in the MOS structure with ultrathin oxide layer. The charge distribution in the structure was determined by solving the Schrödinger-Poisson equations and used for the determination of theoretical MOS capacitance. The contribution of interface trapped charges was taken into account in modeling of total capacitance with interface states. By computer simulation of theoretical capacitance of MOS structure with interface states the density of interface states at SiO 2 /Si interface was extracted. The development of interface DOS with the POA and PMA annealing can be determined by this approach. 
